In this study, we conducted a novel approach of selective breeding by using temperature acclimation to enhance the aquaculture potential of the tropical cyclopoid copepod Apocyclops royi. Two copepod culture strains were acclimated separately at high (28°C, control strain) and low (18°C, selective strain) temperature for 10 months, corresponding to~40 and 15 generations, respectively. After temperature acclimation, multigenerational observations were made to investigate the effects of cold selection on the copepods. Differences in female and nauplius lengths, nauplius production, and fatty acid contents were evaluated between the control and selective strains before (F0) and during the multigenerational observation (F1-F4) . Overall, the selective strain exhibited larger females, higher nauplius production, but smaller nauplii than the control strain did. In generation F1, the total fatty acid and omega 6 and omega 3 polyunsaturated fatty acid contents were higher in the selective strain than in the control strain; however, the fatty acid content gradually decreased in subsequent generations. This paper reports the effects of temperature acclimation on the morphological and physiological traits of A. royi and provides preliminary suggestions for improving its productivity and nutritional value as "designer feed" for aquaculture applications.
I N T R O D U C T I O N
In marine larviculture, rotifers and brine shrimp are extensively used as live foods to rear fish larvae. These traditional live foods are readily available and easy to maintain in hatcheries, but their suboptimal nutritional value limits their use in the rearing of larvae of many emerging aquaculture fish species (Støttrup, 2000) . Alternatively, copepods have attracted enormous attention as potential live food candidates for marine larviculture (Støttrup, 2000; Conceição et al., 2010; Ajiboye et al., 2011; Drillet et al., 2011) . Because of their superior essential polyunsaturated fatty acid (PUFA) content, copepods provide higher-value nutrition to marine fish larvae than Artemia and rotifers do (Shields et al., 1999; Rajkumar and Kumaraguru Vasagam, 2006; Piccinetti et al., 2014; Thuong and Hoang, 2015) . In copepods, the abundant docosahexaenoic acid (DHA) and eicosapentaenoic acids (EPA) are predominantly present in the form of phospholipids, which offers higher bioavailability to fish larvae than other live foods (Bell et al., 2003; McKinnon et al., 2003) . In addition, the small size (~100 μm) and swimming patterns of some copepod nauplii render them available and attractive as food for small-mouthed larval fish (Støttrup, 2000; Buskey, 2005; Mahjoub et al., 2011) .
Although copepod supplementary diets have enhanced the growth and survival of larval fish in several studies (Payne and Rippingale, 2000; Evjemo et al., 2003; Olivotto et al., 2008a Olivotto et al., , 2008b Barroso et al., 2013) , copepods are still rarely used in commercial aquaculture facilities because of an inadequate understanding of their biology and a lack of documented culture techniques. Therefore, additional biological and physiological studies on copepod species relevant to aquaculture are needed to improve their production. The selection of species for aquaculture is crucial and fundamental (Ajiboye et al., 2011) , and it depends on the presence of desired biological features such as short generation cycle, high fecundity, small nauplius size, and a low rate or absence of cannibalism. Furthermore, studies investigating the optimal culture conditions of selected copepod species are required to improve their productivity and nutritional value by modifying culture conditions such as photoperiod, salinity, temperature and diet (Peck and Holste, 2006; Camus and Zeng, 2008; Pan et al., 2014 Pan et al., , 2016 .
Selective breeding can effectively improve the productive performance of already cultured animals (Gjedrem et al., 2012) . Different selective breeding methods have been applied to many commercially valuable aquatic species, such as the Pacific white shrimp Litopenaeus vannamei (Argue et al., 2002) , red sea bream Pagrus major (Murata et al., 1996) , channel cat fish Ictalurus punctatus (Dunham, 2007) , and tilapia Oreochromis niloticus (Rezk et al., 2009 ). However, selective breeding or domestication programmes have rarely been undertaken for copepods until recently; the recent studies have shown that the selected and domesticated copepod populations exhibit higher productivity than the unselected populations do (Lee et al., 2012; Alajmi et al., 2014; Hammervold et al., 2015; Souissi et al., 2016a) . In one of these studies, a novel selective breeding method based on temperature acclimation was applied successfully to improve the physiological performance of the temperate calanoid copepod Eurytemora affinis (Souissi et al., 2016a) . Because copepods are ectotherms, temperature could be among the crucial factors affecting their developmental traits. The body size, fecundity and lipid levels of ectotherms are generally higher when they grow at lower temperatures (McLaren, 1965; Maly and Maly, 1998; Nanton and Castell, 1999; Angilletta et al., 2004) . The study of Souissi et al. (2016a) , therefore, hypothesised that E. affinis populations may conserve the physiological modifications obtained during cold acclimation in subsequent generations. As hypothesised, they observed that the higher body size of females, fecundity, and lipid levels of E. affinis were retained at the cost of decreased survival in the cold-acclimated population when they experienced a temperature increase for a few generations.
In the present study, we tested the feasibility of cold selective breeding in a very different copepod species, Apocyclops royi. This tropical cyclopoid inhabits estuaries and brackish aquaculture ponds in Taiwan, and it is used as a supplementary dietary ingredient for larval or juvenile groupers in commercial hatcheries (Su et al., 2005) . We attempted to obtain beneficial traits for aquaculture of A. royi through cold acclimation. Furthermore, we assessed the plasticity and sustainability of those traits in the selective strain after exposure to an increase in temperature. A simple protocol was employed for the manipulation of A. royi populations to obtain "designer feed" aiming to improve the productivity and nutritional value of A. royi as feed for fish larvae.
M E T H O D Copepod and microalgae stock culture
A pure strain of the cyclopoid copepod A. royi was obtained from Tungkang Biotechnology Research Center in Taiwan. Stable cultures were then established in the LOG-Marine Station of Wimereux, France for 18 months before the commencement of this study. The copepods were cultivated in 20-L polycarbonate carboys containing diluted seawater with a salinity of 20 (a mixture of distilled water and 1-μm-filtered natural seawater). The cultures were placed in a photoperiodic room (12-h light-dark cycle with an illumination intensity of~3000 lux), and thermostatic heaters (EHEIM thermo control 50W, EHEIM GmbH, Germany) were used to maintain the water temperature at 28°C, which simulated the temperature of their natural habitat. Every 10 days, the copepods (all stages) were gently collected using a 38-μm mesh and placed in a new culture medium. The starter culture of the microalga Isochrysis galbana (Tahitian strain, T-ISO, Haptophyceae) was obtained from the Roscoff Culture Collection (Roscoff, France strain no. RCC1349). Batch algal cultures were cultivated in 2-L flasks containing autoclaved natural seawater supplemented with Walne's medium (Walne, 1970) and maintained in a thermostatic incubator (MLR-351H; SANYO, Osaka, Japan) programmed at 18°C. A 12-h light-dark cycle was maintained using fluorescent light with an illumination intensity of 2500 lux. The algal cells used for copepod feeding were in the exponential growth phase (3-4 days after inoculation) and were introduced into the copepod culture water every 2 days at an approximate concentration of 10 5 cells mL −1 . This feeding concentration was considered sufficient for the A. royi culture because live algal cells were observed in the culture carboys before every feeding session.
Cold selection protocol
Simple cold selection was performed at the population scale in this study. A 20-L stock culture of A. royi was equally divided into two strains. The control strain was cultivated in a 10-L carboy under the same culture conditions as the stock culture (28°C). The selective strain was transferred to two 5-L beakers in a thermostatic incubator programmed at a lower temperature (18°C). The copepods were fed every 2 days with the algae T-ISO (~10 5 cells mL
). The copepods (all stages) were gently collected using a 38-μm mesh and transferred to a new culture medium every 10 days. Both strains were acclimated for 10 months (corresponding to~40 and 15 generations, respectively, for the control and selective strains) until the commencement of the experiments.
Multigenerational observation
Nauplii stage one (N I) were collected from both strains (at 18°C and 28°C). Approximately 400 nauplii (N I) were then transferred to each of the 2-L beakers (two replicates per strain) to initiate the first generation (F1). The cultures were fed every 2 days using algae T-ISO (~10 5 cells mL
) and maintained in a thermostatic incubator (MLR-351H; SANYO, Osaka, Japan) programmed at 28°C. We observed the cultures twice each day. Once the first ovigerous females were observed in the beakers, the cultures were maintained for an additional 24 h to allow the females to release their offspring from their egg sacs. Subsequently, the adults and nauplii were separated by gently sieving the culture water through 120-μm and 38-μm meshes. The nauplii were gently transferred to new 2-L culture beakers to initiate the culture of the next generation. The adults were preserved in a freezer at −80°C for fatty acid analysis, except for 25 ovigerous females, which were gently sorted and cultured individually in 6-well culture plates (5 mL well ) for 24 h to obtain newly spawned nauplii (Pan et al., 2016) . The females and their newly spawned nauplii were then fixed in the wells using 4% buffered formalin. The nauplius production (number of nauplii per female per clutch) was determined using a dissecting microscope (SZX9, OLYMPUS, Tokyo, Japan). Based on the absence of nauplii moults and presence of two empty egg sac membranes, we confirmed that the nauplii were at the N I stage and from the same clutch. Subsequently, samples were collected for further morphological measurements using an inverted microscope (IX71, OLYMPUS, Tokyo, Japan) and Image J (v 1.41, National Institutes of Health, USA). The length of the A. royi females was measured from the top of the cephalosome to the end of the caudal rami, whereas the nauplius length was documented by measuring its longest part. The female and nauplius lengths were measured for four consecutive generations (F1-F4) during the multigenerational observation. In addition, the F0 females were sorted for the measurements of desired traits before the multigenerational observation following the aforementioned protocol.
Fatty acid analysis
The frozen female copepods were lyophilised using a Christ ALPHA 2-4 LD freeze-dryer (Martin Christ, Osterode am Harz, Germany) and weighed using an electronic balance (MSE225P, Sartorius AG, Göttingen, Germany). The copepod samples (n = 1 or 2,~1 mg of dry weight each), were then placed in 10-mL glass vials with 2 mL of transesterification reagent (methanol:toluene:acetyl chloride = 85:66:15 by volume), and C17:0 internal standard was added to facilitate the quantification of fatty acids. After 2 h of transesterification at 95°C, the solvent was evaporated completely between 60°C and 70°C using a gentle stream of nitrogen. The fatty acid methyl esters (FAMEs) obtained were solubilised in hexane (1 mL) and washed with distilled water (1 mL). The organic layer was filtered through a cottonplugged Pasteur pipette and transferred to a new vial. The hexane was evaporated using a nitrogen stream until a volume of~100 μL remained. The FAMEs were preserved at −20°C until gas chromatography-mass spectrometry (GC-MS) analysis. The GC-MS analysis was performed using a Trace GC ULTRA system (Thermo Scientific) equipped with a capillary column NMTR-5MS (30 m × 0.25 mm), a temperature gradient of 170°C (3 min)→250°C at a heating rate of 5°C min
, and a DSQ II MS detector. The fatty acid content of four consecutive generations (F1-F4) was analysed during the multigenerational observation. In addition,~1000 adult copepods (F0) were collected for fatty acid analysis before the multigenerational observation following the aforementioned protocol.
Data analysis Statistical analysis
Analysis of variance (ANOVA) was used to compare the mean values of morphological and reproductive traits between the two strains and among generations at a defined level of significance (P = 0.05). Because significant differences were detected among generations (P < 0.05), Tukey's post hoc test was used to analyse specific differences between pairs of generations. Spearman's correlation test was used to analyse the relationships between the measured traits (nauplius length, female length and nauplius production). The significance of the correlations was identified using a two-tailed significance test. Data were analysed using SPSS version 17.0 (SPSS, Chicago, IL, USA).
Calculation of current genetic gain
Current genetic gain (GC C ) denotes the level of proportional phenotypic change during artificial selection, and it is defined as the percentage change in biological traits between the progeny of control and selective strains in each generation (Zheng et al., 2006; Van et al., 2014) . GC C is calculated as follows:
where X S and X C are the mean values of the phenotypic traits of the selective strain and control strain, respectively.
R E S U L T S Nauplius production
Two females died in every individual culture set (25 females initially) in both strains across generations F1-F4 during the 24-h individual cultivation; however, no mortality was observed in the F0 generation. The nauplius production varied in the control and selective strains among the five consecutive generations (Fig. 1) . The nauplius production of the control strain in different generations ranged from 14.3 ± 0.8 to 22.3 ± 1.4 nauplii per female per clutch and that of the selective strain ranged from 18.5 ± 1.0 to 24.3 ± 1.4 nauplii per female per clutch. Significantly higher nauplius production was observed in the F4 generation of the selective strain than the control strain (P < 0.05).
Female and nauplius sizes Fig. 2 depicts the length of adult females and N I nauplii of the control and selective strains. The females of the selective strain were significantly longer than those of the control strain in generations F0 (selective strain: 830.8 ± 5.8 μm; control strain: 712.3 ± 2.7 μm; P < 0.01), F1 (selective strain: 808.7 ± 5.5 μm; control strain: 792.4 ± 3.6 μm; P < 0.05), F3 (selective strain: 862.2 ± 9.9 μm; control strain: 819.9 ± 7.5 μm; P < 0.01), and F4 (selective strain: 845.0 ± 8.1 μm; control strain: 752.8 ± 5.9 μm; P < 0.01). The nauplii of the selective strain were significantly shorter than those of the control strain in generations F2 (selective strain: 107.4 ± 1.3 μm; control strain: 113.3 ± 1.7 μm; P < 0.01) and F4 (selective strain: 108.5 ± 1.3 μm; control strain: 114.1 ± 1.3 μm; P < 0.01). Fig. 3 illustrates the relationship between the measured biological traits. We found a significant positive correlation between female length and nauplius production (r s = 0.67; P < 0.05); female length was moderately correlated with nauplius length Fig. 1 . Nauplius production of the control and selective strains of A. royi in different generations. Data are presented as mean ± standard error. Significant differences between the control and selective strains within generations were identified using ANOVA, where ** indicates P < 0.01. The different letters (a, b, and c, and A, B, and C) above each bar indicate the significant differences among generations (P < 0.05) identified by Tukey's post hoc test.
(r s = −0.57) and approached statistical significance (P = 0.08). A statistically nonsignificant negative relationship was observed between nauplius production and nauplius length (r s = −0.5; P > 0.05).
Fatty acid content
The contents of various fatty acid groups in A. royi females in the control and selective strains in different generations are summarised in Table I . Although fatty acid contents varied across generations, higher contents of total fatty acids, omega 6 PUFAs, and omega 3 PUFAs were detected in the F1 generation of the selective strain (250.0, 15.3 and 50.2 μg mg −1 dry weight, respectively) than in that of the control strain (78.4, 4.6 and 16.7 μg mg −1 dry weight, respectively).
Current genetic gain
To evaluate the efficiency of our cold selection of A. royi, we calculated the GC C , which estimates the phenotypic variation between the two strains in each generation Fig. 2 . Lengths of (A) adult females and (B) N I nauplius of the control and selective strains of A. royi in different generations. Data are presented as mean ± standard error. Significant differences between control and selective strain within a generation were identified using ANOVA, where * indicates P < 0.05 and ** indicates P < 0.01. The different letters (a, b, and c, and A, B, and C) above each bar indicate the significant differences among generations (P < 0.05) identified by Tukey's post hoc test. ( Table II) . Cold selection resulted in a higher female length and nauplius production in all generations, and the GC C was higher in the F3 and F4 generations.
Remarkably high GC C for female length and nauplius production was observed in the F4 generation (12.2% and 29.9%, respectively). The GC C of nauplius length was low in all generations, and negative GC C for this trait was observed in the F2 and F4 generations. High GC C of total fatty acids (218.3%), omega 6 PUFAs (85.5%) and omega 3 PUFAs (211.4%) were obtained in F1, after which it decreased and became negative in the F2 and subsequent generations.
D I S C U S S I O N
In the past few decades, selective breeding programmes with different objectives have been undertaken for numerous aquaculture animals (Bondari, 1983; Argue et al., 2002; Shirdhankar and Thomas, 2003; Zheng et al., 2006; Rezk et al., 2009; Van et al., 2014) . However, the selective breeding of copepods had not been addressed until Lee et al. (2012) first attempted it with the cyclopoid copepod Paracyclopina nana in South Korea. Another selective breeding programme was recently conducted for the calanoid copepod Parvocalanus crassirostris in Australia (Alajmi et al., 2014) . In that programme, enhanced egg production and higher sizes of nauplii and females were achieved after five generations. Similar to most selective breeding programmes in aquaculture, the objective of the two aforementioned studies was the selection of high-reproductive individuals. Selection at the population scale, achieved through simple environmental manipulation, seems to be a direct and practical method that can be applied in aquaculture facilities.
Temperature is one of the most crucial factors affecting the physiological performance of copepods, as indicated by their survival (Rhyne et al., 2009) , gene expression (Schoville et al., 2012) , metabolism (Ikeda et al., 2001) , development (Hansen et al., 2010) , and reproduction (Devreker et al., 2009) . Although range of temperature tolerance is species-specific, adaptations are known to occur when copepods experience temperature adversity (Bradley et al., 1988; Schoville et al., 2012; Dam, 2013; Souissi et al., 2016b) . Temperature adaptation is particularly evident in populations with limited gene flow such as copepods living in geographical isolation (e.g. intertidal ponds and lakes) (De Meester, 1996; Schoville et al., 2012) . Because copepods respond rapidly to temperature changes, selective breeding through the use of temperature acclimation appears feasible and promising (Souissi et al., 2016a) . The cyclopoid copepod A. royi, an egg-bearing species, exhibits a wide temperature tolerance (15-35°C), and its optimal culture temperature lies within the range 25-30°C (Chang and Lei, 1993; Cheng et al., 1999; Hsu, 2000) . However, no study has hitherto reported phenotypic variations in A. royi after long-term temperature acclimation.
Female size is one of the parameters used to evaluate copepod productivity. Copepods, similar to many ectotherms, develop more slowly and reach maturity at larger body sizes when raised in colder conditions (McLaren, 1965; Maly and Maly, 1998; Angilletta et al., 2004; Souissi et al., 2016a) . In our study, larger females with longer generation times were observed in the Table II . Current genetic gains in female and nauplius lengths, nauplius production, contents of total fatty acids, omega 6 polyunsaturated fatty acids and omega 3 polyunsaturated fatty acids of the cold-selective strain of A. royi in four generations selective strain in generation F0. Moreover, the higher length of the females appeared to be heritable from generation F1 to generation F4. Nevertheless, the average female size fluctuated significantly among generations in the two strains ( Fig. 2A) . Variations in biological traits were also observed in multigenerational studies on E. affinis (Souissi et al., 2016a) and P. crassirostris (Alajmi et al., 2014) . Neither the previous nor present studies have identified the mechanisms causing phenotypic variations in the copepods across generations. Opportunistic variations in phenotype could be an ecological strategy of the copepods to increase their fitness in captive environments; however, this hypothesis requires further investigation. Conversely, the generation time remained relatively consistent across generations in the selective strain and was similar to that in the control strain when the copepods were transferred to water at 28°C (F1-F4). The generation time was not visibly affected by the selective breeding protocol implemented. The temperature-dependent increase in body size can be hypothesised to be a multivariate effect consisting of adaptive (genetic divergence) and nonadaptive (temperature-related alterations in biochemical processes) plasticities in ectothermal animals (Van Der Have and De Jong, 1996; Land et al., 1999; Angilletta et al., 2004) and is yet to be investigated in A. royi at a molecular level. Copepod fecundity is often positively correlated with female size (McLaren, 1965; Kiørboe and Sabatini, 1995; Poulin, 1995; Hirst and Bunker, 2003; Souissi et al., 2016a) ; this correlation was also observed in our study. By contrast, the size of copepod nauplii has been suggested to be positively correlated with the size of the female parent (Cooney and Gehrs, 1980; Kiørboe and Sabatini, 1995) . However, the increase in the size of the selective A. royi females did not cause the development of the physiological and morphological traits required to generate larger nauplii in our study. Instead, the nauplius size decreased, which is probably associated with a reallocation of reproductive energy between offspring number and size (Cooney and Gehrs, 1980; Guisande et al., 1996) . Furthermore, larger females developed from smaller nauplii in similar time intervals, indicating that the development rate was higher in the selective copepods than in the control copepods.
Determination of the lipid content of copepods is important for ecophysiological studies and aquaculture applications (Dalsgaard et al., 2003; Van Der Meeren et al., 2008; El-Sabaawi et al., 2009; Rayner et al., 2015) . A laboratory investigation indicated that cold-acclimated copepods can synthesise larger amounts of long-chain fatty acids than control copepods to maintain normal membrane fluidity, a finding based on the hypothesis of homeoviscous acclimation (Nanton and Castell, 1999) . Because of the low and inconsistent biomass collected across generations, we were unfortunately only able to conduct two replicates of fatty acid analysis for the F2 and F4 population, and one analysis for F0, F1 and F3 (samples of F1 and F3 from two beakers were combined). We found slightly lower trend of total fatty acids, omega 6 PUFAs and omega 3 PUFAs in generation F0 of the selective strain, which was acclimated at 18°C. The temperature-fatty acid content relationship is generally considered to be associated with a species-specific temperature range required for enabling effective functioning of the enzymatic system for lipogenesis (Los and Murata, 1998) . Low temperatures, such as 18°C, are rare at the original collection site (tropical Taiwan) and in the stock culture environment of our A. royi strain. Therefore, suppression of the activity of lipogenic enzymes coupled with additional energy consumption could have caused a decrease in lipid synthesis at 18°C. Notably, compared with generation F0, higher contents of total fatty acids, omega 6 PUFAs and omega 3 PUFAs were observed in generation F1 of the selective strain (2.6-fold, 3.1-fold and 1.9-fold, respectively, Table I ). Temporary metabolic compensation when the copepods were transferred from an adverse condition to a suitable condition possibly contributed to this higher fatty acid content (Lonsdale and Levinton, 1985) . Although the higher fatty acid content in the selected A. royi is desirable for aquaculture purposes, it was apparently sustained for only a short period (F1-F2). This result suggests that long-term cold acclimation at 18°C might not be necessary for increasing the fatty acid content of A. royi. This finding, however, provides a prospective method for fatty acid enrichment in A. royi through a short-term cold shock treatment before the species is introduced into warm-water larviculture. Variations in the fatty acid profile are considered crucial bioindicators revealing the feeding conditions of copepods (Gentsch et al., 2009) , trophic linkage (Dalsgaard et al., 2003) , and environmental changes (Mayor et al., 2015) . Fatty acid synthesis in A. royi and its relationship with temperature should be investigated using direct molecular methods; however, the lack of specific molecular biomarkers for the species presently hinders these molecular studies. Transcriptomic and proteomic studies are needed to enable the use of molecular biomarkers in order to obtain a deeper understanding of fatty acid synthesis in A. royi (Ning et al., 2013; Lee et al., 2017) .
C O N C L U S I O N S
We confirmed that cold selective breeding can improve the productivity and growth of A. royi; however, the short-term increase in fatty acid content caused by metabolic compensation may not be sustainable in the selective copepods. This study provides further understanding of the reproductive biology and physiology of a tropical copepod in response to temperature variation and suggests a novel selective breeding protocol that improves the utility of A. royi as designer feed for larviculture.
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